Summary 2 new esterase polymorphisms were discovered in haemolysates of wild rats (Rattus norvegicus) by gel electrophoresis.
were discovered in haemolysates of wild rats (Rattus norvegicus) by gel electrophoresis.
Both loci are probably monomeric. Linkage analysis indicates that neither locus is associated with the esterase cluster in linkage group V.
Esterases are characterized by their wide, and often overlapping, substrate specificities and tissue distributions, as well as by the variety of electrophoretic conditions which have been employed to study them. These properties, together with historical accidents, whereby different polymorphisms were assigned identical gene symbols, have presented difficulties in determining how many separate gene loci have been discovered.
However, the nomenclature has now been revised (van Zutphen, 1983 ) and 9 loci have been shown to be under separate genetic control , with two more to be confirmed .
Of the 11 possible esterase loci above, 10 have been mapped within an esterase 'cluster' in linkage group Y, and only one has been found to lie outside the 'cluster' (Bender, Nagel & Gunther, 1982) . This paper presents evidence for the existence of 2 new esterase loci, which were discovered in the course of a study of the population genetics of wild rats. and tap water ad libitum.
Materials and methods
Blood samples were taken either from the tail vein or the heart, mixed in a 9 : 1 ratio with 3'8% wfv sodium citrate solution to prevent clotting, and haemolysates prepared within 2 h. Tissue samples were removed, washed in isotonic saline, dried on filter paper and frozen at -70°C until required.
Haemolysates were prepared by centrifuging each volume of blood at 2000 G for 10 min at 4°C, after which the plasma was removed and the pellet resuspended in isotonic saline. After a further centrifugation at 2000 G for 10 min at 4°C, the supernatant was discarded and the pellet resuspended in a volume of distilled water equal to the original volume of blood. The resulting haemolysate was stored at -20°C until required. No evidence of plasma contamination was found using this method.
Tissue homogenates were prepared by mashing 1 g of tissue in 3-5 ml of 0'25 M sucrose solution and centrifugation at 30000 G for 30 min at 4°C. The supernatant was then removed and either used immediately or stored at -20 u C until required.
Starch and polyacrylamide gel electrophoresis (PAGE) were performed as follows.
Esterase 1 and Esterase 3
Small intestine samples were subjected to vertical P AGE at 10 V fcm for 3 h using the discontinuous tris-EDTA-borate buffer system of Serov (1973) at pH 8'6. Enzyme activity was detected according to Womack (1973) , using a-naphthyl acetate as substrate and fast garnet GBC as the diazonium salt.
6-phosphogluconate dehydrogenase
Haemolysates were subjected to vertical PAGE at 10 V fcm for 3 h in a continuous phosphate buffer system at pH 6'75 (bridge and gel buffer concentrations 0'2 M and 0'01 M respectively). Enzyme activity was detected according to Harris
Esterase 12
Tissues were subjected to horizontal starch gel electrophoresis at 8 Vfcm in a continuous phosphate buffer system, pH 7'0 (buffer concentrations as above) for 16 h, using II % Connaught starch gels. This system proved optimal for the observation of esterase 12 isozymes, but it was necessary for the isozymes to move approximately 15 cm before the different phenotypes could be clearly distinguished. Gels were stained using a range of substrates and either the azo-dye coupling method (as Womack, 1973) , or a filter paper overlay method (with flu orogenic substrates) followed by observation under long wave UV light (Peters & Nash, 1978) .
Esterase 13
Esterase 13 could be observed using the same electrophoretic conditions as esterase 12, but it was found that the conditions necessary for the observation of esterase 13 were much less stringent.
In particular, esterase 13 could be observed using starch and PAGE and alternative buffer systems, e.g. tris-EDT A-borate (Serov, 1973) or lithiumborate (Womack, 1973) .
Kendall
Fumarate hydratase
This enzyme was detected using the electrophoretic conditions described for esterase 12 and the staining procedure of Harris & Hopkinson (1976) .
Results
Haemolysate esterase polymorphisms Fig. I illustrates the polymorphisms observed in wild rat haemolysates, which were tentatively designated ES-12 and ES-13. 3 phenotypes were observed for each polymorphism; ES-12A, ES-12B and ES-12C were defined in descending order according to the distance of the most anodal band from the origin and ES-13A, ES-13AB and ES-13B were defined according to the presence or absence of the two bands A and B (Fig. I) . None of the bands for esterase 12 or esterase 13 were inhibited by 10-3 M acetazolamide, a specific inhibitor of carbonic anhydrase.
Esterase 12 and esterase 13 polymorphisms could be observed in red cells, liver, kidney and testis, but not in plasma, intestine, pancreas or muscle. In addition, esterase 12 was observed in lung, but esterase 13 was not.
Esterase 12 isozymes could be detected using Table 1 shows the results of crosses between wild rats, set up to determine the genetic basis of the variation. Both esterase 12 and esterase 13 appear to be controlled by autosomal loci, at which two alleles are segregating. The corresponding a wild male with a WAG female, and then backcrossing F 1 males to WAG females. Two F 1 males were used in the backcross, one of which was homozygous for Pgd b , and therefore fewer data were available for this locus. Some additional data were available from wild x wild crosses with respect to linkage between esterase 12 and esterase 13. The full linkage backcross was: F 1 male (Aa; Hh; Cc; Pgd a Pgd b ; x WAG ES-13AB: Es-13 a Es-13 0 ; ES-13B: Both esterase 12 and esterase 13 are probably monomeric, even though the phenotype of the esterase 12 heterozygote does not immediately suggest this. It was not possible to resolve the pattern of the Es-J2 heterozygote any further, but a mixture of blood from Es-12 u Es-12 a and Es-12 b Es-12 b animals produced the same pattern as the heterozygote, suggesting that the heterozygote pattern is not due to the poor resolution of several bands, as might be expected for a multimeric enzyme.
Linkage analysis
Crosses were set up primarily to determine the relationship between esterase 12 and esterase 13 and the esterase cluster in linkage group V, but markers were also segregating from linkage groups I(c), IV(a) and VI(h), as well as fumarate hydratase (Fh-J) and 6-phosphogluconate dehydrogenase (Pgd) . The linkage test was performed by crossing female (aa; hh; cc; Es-J b Es-] b. Es-P &-3 a ;
Es-12 a Es-12 a ; Es-13 a ES-13 a ; Pgd b Pgd b ; Fh-]b
Fh-l b). The results of the linkage analysis are summarized in Table 2 .
Two results were significant, a: Fh-] and Es-J: Es-3. The a: Fh-] result is significant owing to a chance excess of recombinant classes, not the deficiency that would be expected if the loci were linked. The significant result for the comparison Es-J : Es-3 corresponds to a recombination frequency of 13,8 ± 4'3%. Two other results verged on significance due to a deficiency of recombinants, Es-]2: c and Es-J3: h, and these will be discussed further.
Discussion
The linkage recorded for Es-J: Es-3 (13'8 ± 4'3%) is similar to that reported by Womack & Sharp (1976) (11'1 ± 1'7%), but higher than the value arrived at by pooling the data from different studies (7'6 ± 2'1%) (Robinson, 1980) . It is however, lower than that recorded by Lindena (1981) .
Esterases 12 and 13 are not linked to the Sample sizes are given in parentheses, with N = 65 unless otherwise stated *P<0·05 **P<O·OI ***P<O·OOI The null hypothesis is that equal numbers of non-recombinant and recombinant genotypes are recovered esterase cluster in linkage group V (represented by Es-] and Es-3), nor are they linked to each other (Table 2 ). However, the results suggest that esterase 12 may be linked to albinism c (linkage group I), and esterase 13 to hooded h (linkage group VI) ( Table 2) . Further studies are needed to confirm these putative linkages, the approximate recombination frequencies for which are Es-12: c (38'5 ± 6'0%) and Es-13: h (34'2 ± 7'7%). It may be relevant to note, however, that the analogous linkage groups in the mouse both contain an esterase locus: esterase 8 on chromosome 7 (Chapman, Nichols & Ruddle, 1974) , analogous to linkage group I in the rat, and esterase lOon chromosome 14 (Peters & Nash, 1976; Womack 
